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Background: Poor mask fit and mouth leak are associated with nasal symptoms and poor
sleep quality in patients receiving domiciliary non-invasive ventilation (NIV) through a
nasal mask. Normal subjects receiving continuous positive airways pressure demonstrate
increased nasal resistance following periods of mouth leak. This study explores the effect
of mouth leak during pressure-targeted nasal NIV, and whether this results in increased
nasal resistance and consequently a reduction in effective ventilatory support.
Methods: A randomised crossover study of 16 normal subjects was performed on separate
days. Comparison was made of the effect of 5min of mouth leak during daytime nasal NIV
with and without heated humidification. Expired tidal volume (VT), nasal resistance (RN),
and patient comfort were measured.
Results: Mean change (D) in VT and RN were significantly less following mouth leak with
heated humidification compared to the without (DVT 36765ml vs. 88750ml,
po0.001; DRN +0.970.4 vs. +2.070.7 cmH2O l s1, po0.001). Baseline comfort was
worse without humidification (5.370.4 vs. 6.270.4, po0.01), and only deteriorated
following mouth leak without humidification.
Conclusions: In normal subjects, heated humidification during nasal NIV attenuates the
adverse effects of mouth leak on effective tidal volume, nasal resistance and improves
overall comfort. Heated humidification should be considered as part of an approach to
patients who are troubled with nasal symptoms, once leak has been minimised.
& 2007 Elsevier Ltd. All rights reserved.Elsevier Ltd. All rights reserved.
5 292016; fax: +44 1535 292068.
st.nhs.uk (J.M. Tuggey).
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Adequacy of ventilation during treatment with non-invasive
ventilation (NIV) is dependent on providing sufficient airflow
to maintain a pressure gradient from the ventilator, through
tubing and from the mask to the patient’s nasopharynx and
subsequent airways. A poorly fitting nasal mask can lead to
discomfort and interface leak. Leak is particularly common
during sleep in patients receiving NIV and may be associated
with increased sleep fragmentation and failure of NIV in
those receiving long-term ventilation.1,2 In addition, leak
has significant consequences on inspiratory and expiratory
trigger function and muscle rest.3 Most patients receiving
domiciliary NIV are ventilated using a nasal mask. During
sleep, the mouth can fall open resulting in mouth leak.
Studies using continuous positive airway pressure (CPAP)
have demonstrated that during periods of mouth leak, there
is high, unidirectional, nasal airflow.4 This can cause the
release of inflammatory mediators,5 increased mucosal
blood flow6 and increased nasal airway resistance.7 Richards
et al.4 demonstrated that during CPAP, this increase in
resistance can be largely attenuated using heated humidi-
fication. Furthermore, equipping patients receiving CPAP for
obstructive sleep apnoea with heated humidification re-
duces side effects and enhances comfort and compliance.8,9
Provision of either a full face mask or chinstrip can reduce
mouth leak. However, these techniques are either not well
tolerated10,11 or do not have a strong evidence base.12 No
similar studies have been performed during NIV applied
through the nose. There are significant differences in terms
of airway mechanics, physiological responses and treatment
goals between NIV and CPAP. NIV is used to treat ventilatory
failure and therefore, increases in nasal resistance as may
occur during mouth leak, particularly during pressure-
targeted NIV, a significant pressure drop across the nasal
passages may result, with a reduction in intra-alveolar
pressures. This could have deleterious effects on nocturnal
ventilation and daytime arterial blood gas tensions, which
may be attenuated by the use of heated humidification.
The aim of this study was, therefore, to investigate the
effect of deliberate mouth leak on tidal volume (VT), nasal
resistance (RN) and comfort scores during nasal NIV, both
with and without, heated humidification.Methods
The protocol was approved by the local research ethics
committee. An a priori power calculation using pilot study
data suggested that a sample size of 15 would have 90%
power to detect a 10% difference in the change in tidal
volume following deliberate mouth leak. Sixteen healthy
subjects gave written informed consent. A randomised
crossover design was used; tests were performed in random
order (with or without heated humidification) on separate
days during wakefulness, in the seated position. Subjects
practiced breathing using the ventilator through an appro-
priately sized nasal mask (Mirage Nasal Mask, ResMed,
Oxford, UK). Mask fit was adjusted to minimise interface
(mask) leak as described below. Subjects were encouraged
to sit still and not to adjust the mask position.Flow, mask pressure and respiratory rate (fR) were
measured using a pneumotachometer (3700A Hans Rudolph,
USA) fitted between the nasal mask and exhale valve. The
pneumotachometer was calibrated before each experiment.
Differences in gas viscosity due to increased humidification
(assumed to be 50% during inspiration13) and temperature
(measured at the nasal mask) were adjusted for by using the
Pneumotach Research System (RSS 100HR, Hans Rudolph,
USA). In the absence of leak in healthy subjects, it is
reasonable to assume that flow would be zero at end
expiration. Total leak was, therefore, measured as the
positive continuous flow into the mask at end expiration;
this, therefore, included interface leak as well as mouth
leak. The former was constant throughout the experiment
for each individual; any additional flow when the mouth was
open was attributed to mouth leak. Oropharyngeal pressure
was measured using rigid 3mm tubing inserted through the
mouth and positioned posteriorly in the oropharynx and
connected to a pressure transducer (MPX 5100, Motorola,
Denver, CO, USA). The drop in pressure between the nasal
mask and oropharynx was used to calculate nasal resistance
as described below. All signals were sampled at 48Hz using
custom software.Ventilator settings
The VPAP II (ResMed, Oxford, UK) was used. This is a bi-level
non-invasive turbine ventilator that uses ambient air. It is
used in both hospital and domiciliary settings. Subjects were
initially commenced on spontaneous/timed mode with a low
backup rate. Once the individual felt comfortable, the
ventilator pressure was increased to 20 cmH2O inspiratory
and 5 cmH2O expiratory positive airway pressure. Maximum
inspiratory time (TiMax) was set at 3 s. No supplemental
oxygen was used. The back-up rate was set to just above the
individual’s spontaneous respiratory rate to ensure con-
trolled ventilation. Subjects were encouraged to be as
passive as possible and to allow the ventilator to perform all
the work of breathing.Protocol (Fig. 1)
Subjects were allocated to ventilation with or without
heated humidification in random order, separated by at least
24 h. Due to the nature of the intervention it was not
possible to blind subjects. A heated humidifier was used (HC
100, Fisher & Paykel, New Zealand). This was placed within
the ventilator circuit during both experiments, but the
waterbath was only filled and heated (maximum setting,
equivalent to 37 1C) during the humidification limb. Each
subject was ventilated for 20min until expired VT was
constant and all breaths were controlled (indicated by
absence of any triggered breaths or any visible respiratory
muscle activity). To achieve deliberate mouth leak, subjects
were instructed to keep their mouth open so that continuous
airflow could be felt through the mouth. This was reinforced
by visualising the flow graphically on a computer monitor.
Following the period of leak, subjects closed their mouth
and measurements were made for 15min. An assessment of
comfort at the end of each of the periods before, during and
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visual analogue scale.Analysis
The mean expiratory tidal volume (VT) of five breaths was
recorded at 60 s intervals throughout the periods of
ventilation before and after mouth leak. RN was calculated
at the same intervals. Rohrer’s equation (pressure drop
across nose ¼ k1 flow+k2 flow2) was fitted to the data. RN
was standardised to a flow rate of 0.5 l s1. Mouth leak was
measured by the mean airflow through the mask at end
expiration during the period of mouth leak. Group resultsFigure 1 Outline of study protocol. All subjects underwent
both limbs of the experiment on different days in random order.
Figure 2 Group mean tidal volume after period of mouth lea
humidification. Error bars show SEM.are expressed as mean7SEM at each time interval.
Comparison between periods ‘‘with’’ and ‘‘without’’ humi-
dification were made of VT and RN. Maximal differences at
specific time points were compared by paired Student’s
t-test compared to the mean of the 2min prior to leak.
Results
Group mean results for ventilation with and without
humidification are presented in Fig. 2 (tidal volume) and
Fig. 3 (nasal resistance). All subjects tolerated ventilation
and completed both limbs of the study. The mean mouth
leak was 40.174.2 lmin1, with no significant difference
between periods with and without humidification. There
was no significant order effect. Inspection of the flow
tracing individual the procedure demonstrated consistent
leak flow rates were obtained within each study period.
Mean ventilator backup rate was set at 16min1 and mean
respiratory rate before leak was 16.370.6 and
15.870.5min1 after leak (p ¼ 0.2), with no difference
with or without humidification, indicating that ventilation
was controlled. Despite the high levels of leak, the
ventilator was able to maintain the set pressure and no
periods of auto-cycling were observed.
Effect of mouth leak without humidification
Mean VT prior to mouth leak was 10357107ml. This fell by
12% to a nadir of 911794ml (DVT 124736ml) at 3min
after the cessation of leak (P ¼ 0.004). This drop in VT
returned to pre-leak levels within 10min. RN before leak was
4.470.6 cmH2O l s
1, which increased to a peak of 7.67k without (solid diamonds) and with (solid squares) heated
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Figure 3 Group mean nasal resistance after period of mouth leak without (solid diamonds) and with (solid squares) heated
humidification. The addition of humidification attenuates any increase in nasal resistance seen resulting from a period of mouth leak.
(*po0.05 comparing data with and without humidifier at each time point.)
Table 1 Visual analogue scores before, during and after
mouth leak (0 ¼ most uncomfortable, 10 ¼ most comfor-
table).
Before
leak
During
leak
After leak
Without heated
humidification
5.370.4y 2.370.4,y 4.270.5,y
With heated
humidification
6.270.4y 4.470.4,y 6.170.4y
pp0.05 compared to baseline.
ypo0.01, with humidification vs. without humidification.
Leak and humidification during nasal NIV 18771.2 cmH2O l s
1 (DRN +3.271.0 cmH2O l s
1) at 2min after
the period of mouth leak (p ¼ 0.01). RN also fell towards
pre-leak levels by 10min.
Effect of mouth leak with heated humidification
Whilst there was a trend for VT to fall and RN to increase
following deliberate mouth leak using NIV with heated
humidification, these did not reach statistical significance
when compared to pre-leak (DVT 75757ml, 8%, p ¼ 0.21;
DRN +0.770.3 cmH2O l s
1, p ¼ 0.28).
Comparison of with and without heated
humidification
The overall mean DVT with humidification was significantly
less compared to without humidification (36765ml vs.
88750ml, po0.001). DRN was significantly greater with-
out humidification compared to with humidification
(po0.05 at all time points until 4min post leak). Mean
DVT and DRN were significantly less with heated humidifica-
tion compared to without (DVT 36765ml vs. 88750ml,
po0.001; DRN +0.970.4 vs. +2.070.7 cmH2O l s1,
po0.001). Heated humidification attenuated the increase
in nasal resistance and drop in tidal volume observed
following a period of mouth leak without humidification
during nasal NIV.
Visual analogue scales (Table 1)
Subjects found ventilation with humidification more com-
fortable compared to that without humidification at base-
line, during and after mouth leak (e.g., baseline; 6.270.4
vs. 5.370.4, po0.001, 0 ¼ most uncomfortable, 10 ¼ mostcomfortable). The decline in comfort score during leak was
significantly less with the addition of heated humidification
(3.070.5 vs. 1.870.5, p ¼ 0.03). Without humidifica-
tion, comfort remained worse 10min after leak compared to
baseline (4.270.5 vs. 5.370.4, p ¼ 0.05), but was no
different to baseline levels with humidification (6.270.4
vs. 6.170.4, p ¼ 0.69).Discussion
To the authors’ knowledge this is the first study assessing the
effect of mouth leak during nasal non-invasive ventilation
on tidal volume in addition to nasal resistance and comfort.
This study builds on that of Richards et al., in that it assesses
the effect of leak on ventilation during NIV rather than CPAP,
in addition nasal resistance and comfort.4 Following mouth
leak there is an increase in nasal resistance, which results in
a small (12%), but significant, reduction in expired tidal
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fication attenuated both the change in nasal resistance and
tidal volume. Comfort was greater using heated humidifica-
tion, which also reduced the increased discomfort that
followed a period of mouth leak. The duration (5min) and
severity (40 lmin1) of mouth leak in this study of normal
subjects are similar to those in patients undergoing
domiciliary nocturnal NIV.2 Despite such high levels of leak,
subjects still found ventilation tolerable.
Most studies addressing the effect of mouth leak have
been performed during CPAP. These have shown benefit of
heated humidification in terms of nasal humidity and nasal
resistance.4,10 Whilst the nasal mucosa has a considerable
reserve to warm and humidify inspired air, this study has
shown that this can be overwhelmed during periods of
mouth leak during nasal ventilation. The nose is the
narrowest section of the airway, and is accountable for at
least half of the total airway resistance in the absence of
airflow obstruction within the lung.4 High nasal resistance
promotes further mouth breathing. It is therefore likely that
during sleep a vicious cycle occurs, where periods of
increased nasal resistance promote further mouth breath-
ing, increasing nasal resistance and reducing the comfort
and effectiveness of NIV.4 The levels of nasal resistance
recorded in this study are generally higher than recorded
by others using normal subjects receiving CPAP.4 This may
result from the greater rates of flow seen during bi-level
ventilation, compared to CPAP alone.
Although there was a significant increase in nasal
resistance during ventilation without humidification follow-
ing a period of mouth leak, the change in tidal volume was
less marked. However, in some patients even a small drop in
VT may be sufficient for the difference between adequate
and inadequate control of nocturnal hypoventilation. It is
also possible that despite apparently controlled ventilation,
individuals were augmenting machine delivered breaths, in
an attempt to maintain a constant tidal volume. In addition,
patient effort could further reduce oropharyngeal pressure
and artificially accentuate the measured increase in nasal
resistance. From observation of the subjects during NIV and
the raw pressure and flow data, we think this unlikely.
Measurement of respiratory muscle activity using electro-
myelography could confirm this.
Mouth leak may occur repetitively throughout the night
leading to a gradual increase in nasal resistance.4 It is likely
that our daytime study, with just one period of leak,
underestimates the changes in nasal resistance that could
occur during longer periods of NIV, such as overnight. It is
also possible that chronic ventilator users might respond
differently to normal subjects to the effects of leak. Other
ventilators differ in the drying of ambient room air and their
interaction with humidifiers of varying efficiency. This study
has focused on the use of heated humidification—it is likely
that cold passover humdifiers would be less effective during
nasal NIV.4 Heat and moisture exchangers (HME) are a more
simple and cheap alternative. However, HMEs present a
significant deadspace and are associated with greater
patient work of breathing,14 and have a negative impact
on ventilation and gas exhange.15
Provision of a full face mask can avoid the need for heated
humidification.10,11 These are, however, poorly tolerated
compared to nasal mask. Alternatively a chinstrap tominimise mouth leak can be used, although this is not
particularly well accepted by patients and the evidence to
support their use is not extensive.12 It would be appropriate
to repeat this study overnight in a patient population using a
variety of commonly used ventilators and humidifiers whilst
also performing full polysomnography, hygrometry and
assessment of adherence.
If patients complain of nasal symptoms the extent of leak
should be established. The first approach to excessive leak is
to try to minimise it. Options include changing mask size or
type or the addition of a chinstrap. Even without leak, some
patients are troubled by significant nasal symptoms. The
addition of heated humidification to improve nasal symp-
toms, and possibly compliance, is a logical clinical step.
Heated humidification can improve CPAP compliance8,9 and
also gives rise to improvements in morning symptoms and
has fewer nasal side effects.9
Heated humidification is not without complications.
Build-up of water within circuit can impede triggering and
consequent result in ventilator-patient synchrony. Whilst
the additional cost of a heated humidifier above that of a
ventilator is not high, it is not insignificant and is an extra
cost that would have to be borne by the healthcare provider.
Humidification chambers are a potential source of infection,
and have to be changed frequently. This is an additional
responsibility for the patient in the chronic setting.
In conclusion, we have demonstrated in a daytime study
of normal subjects that a short period of mouth leak during
nasal NIV increases nasal resistance, which in turn does have
a small deleterious effect on delivered tidal volume. These
effects are attenuated with heated humidification, which
increases the comfort of ventilation, both during periods
without leak and following a period of increased leak. The
authors recommend considering heated humidification as
part of the approach to patients who are troubled with nasal
symptoms, once leak has been minimised. Further overnight
studies in patients using long-term NIV would help to clarify
whether humidification improves the control of nocturnal
hypoventilation.
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